cepted model for the role of HPVs in the formation of cancers was developed from several decades of study of these cancers [Walboomers et al., 1999; zur Hausen, 2002] . Sexually active women are repeatedly exposed to HPV, and those women infected with HR-HPV strains whose immune system does not clear virus are at an increased risk of developing cervical cancer. HPV infects the basal epithelial layer in the cervix, and there the virus exists in an episomal form. The copy number of episomal HPV can actually be very high, and long-term infection with HPV can eventually lead to the virus integrating into the human genome. Viral integration appears to be associated with the development of invasive cervical cancer in most, but not all, cervical cancer cases. Studies in cervical cancer-derived cell lines and several primary cervical cancers found that after HPV integration there is a loss of the episomal copies of HPV. The site of integration frequently occurs within the HPV E2 gene which functions as a transcriptional repressor of the HPV oncogenes E6 and E7 [Badaracco et al., 2002] .
Since not everyone infected with HR-HPV develops cancer, it suggests that additional genetic and genomic changes in the host cells are needed to facilitate cancer malignant progression. The accumulated cellular alterations could be due to the oncogenic roles of HR-HPV E6/ E7, or could result from structural variations or gene expression alterations caused by the disruption of DNA sequences at or near the site(s) of HPV integration.
HR-HPV E6 and E7 Induced Genome Instability
Several lines of evidence have suggested that increased expression of the HPV E6 and E7 oncoproteins could lead to the disruption of genome integrity in host cells. First, HPV E7 can bind and degrade pRb and the related pRb family members p107 and p30 [Münger et al., 2001] . The pRb protein is a tumor suppressor that plays a critical role in negatively controlling the cell cycle at the G1 checkpoint, thus blocking S-phase entry and cell growth [Knudsen et al., 2000] . Loss of pRb leads to the unscheduled activation of cycline/CDK2 complexes which could give rise to an increased risk for chromosome mis-segregation leading to aneuploidy which in turn could promote carcinogenic progression [Lundberg and Weinberg, 1998 ]. The E6 oncoprotein binds to and promotes the degradation of p53 which abrogates the G2/M checkpoint control thus leading to centrosome-related mitotic defects [Scheffner et al., 1990 [Scheffner et al., , 1993 . It has been shown that precise chromosome segregation in mitosis and coordinated cell cycle progression play important roles in maintaining genomic stability [Shen, 2011] . Thus, the dysregulation of these 2 important cell cycle control proteins could further promote genome instability. In addition, expression of the HPV16 E6/E7 oncoproteins can result in the formation of multiple rearrangements, telomeric associations, and gross aneuploidy [White et al., 1994] . Furthermore, the HPV E6/E7 oncoprotein-expressing cells also show a decreased response to DNA damage repair [Kessis et al., 1993; Song et al., 1998 ] which could be due to the loss of the function of both p53 and pRb. Increased DNA breakage or an impaired DNA repair pathway also raise the chance of integrating foreign DNA which may promote the viral DNA integrating into the host genome. Finally, microsatellite instability has also been observed in HPVassociated tumors [Rodriguez et al., 1998 ] suggesting that this could induce more subtle genome-wide alterations.
Persistent HPV infections can eventually result in an increased episomal copy number of HPV which could cause increased expression of the HPV E6 and E7 oncogenes. This would disrupt the host cell's genome integrity, which in concert with impaired DNA damage repair could contribute to cancer development. In cervical cancer, it was reported that over 80% of the HPV16-positive cancers and almost all HPV18-positive cancers have HPV integrated in the host genome [Cullen et al., 1991; Pirami et al., 1997] . As HPV integrations were found throughout the human genome based upon an analysis of a limited number of cell lines and primary tumors, the model suggested that the key event of integration was the increased expression of the 2 oncoproteins resulting from the disruption of the HPV E2 gene and that the sites of integration in the human genome were unimportant. However, our laboratory studied a larger number of HPV16 and HPV18 integrations, and we observed that over 50% of the HPV integrations actually occurred within one of the highly unstable common fragile site (CFS) regions. In addition, we also found that there was a hot spot for HPV18 integrations within one of the CFSs surrounding the cMyc oncogene.
Common Fragile Sites
CFSs are regions of profound genomic instability that are found in all individuals [Glover et al., 1984] . When cells are cultured in the presence of the inhibitor of DNA polymerase alpha, aphidicolin, the CFSs are observed as discrete chromosomal regions that are either decondensed or broken in metaphase spreads of chromosomes [Sutherland and Richards, 1995; Reshmi et al., 2007] . In order for a specific chromosomal region to be designated as a CFS, it must show this decondensation/breakage at a statistically significant frequency. There are over 90 of these chromosomal regions distributed throughout the human genome. CFSs are more fully characterized by cytogenetic techniques where large-insert clones (such as bacterial artificial chromosomes, BACs) are used as FISH probes on metaphases produced from cells grown in the presence of aphidicolin or other mitotic inhibitors. An individual BAC present within a CFS region can hybridize proximal, distal, or actually crossing the region of decondensation/breakage in different metaphases indicating that the CFS regions are considerably larger than the several hundred kilobase-long BAC clones. The full characterization of a CFS region involves the use of multiple BAC clones to define where it begins and ends. CFS regions that have been characterized have been found to range in size from less than 1 Mb to 10-15 Mb.
The biological functions of the CFSs are unknown but these chromosomal regions are found in all individuals, in contrast to the rare fragile sites. The 3 most frequently expressed CFSs are FRA3B (3p14.2), FRA16D (16q23.2), and FRA6E (6q26). Using the FISH-based assay to characterize these regions, we previously found that the full sizes of these regions were 4.0, 2.0, and 3.6 Mb, respectively. Our laboratory analyzed a number of the other CFS regions including FRA7G (300 kb), and FRA9E (9.0 Mb) [Huang et al., 1999; Callahan et al., 2003] . Rozier et al. [2004] characterized a CFS at human 4q22. This region of instability was found to span 15 Mb. Of the more than 90 CFS regions present in the human genome, however, only a small number has been fully characterized to determine precisely where they begin and end.
In spite of these chromosomal regions being so unstable, they are surprisingly conserved evolutionarily. The high conservation of the sequences within these regions and the fact that the homologous regions are also CFSs in other species suggest that there is an important biological function for these regions [Cha and Kleckner, 2002; Arlt et al., 2003; Lemoine et al., 2005] .
Mechanism of CFS Instability
The reason why the CFS regions are so unstable remains elusive. Analysis of various CFS regions revealed that several features of these regions might contribute to their fragility. First, sequence analysis showed that the nucleotide sequences around the fragile sites have the potential to form stable secondary DNA structures which might impede DNA replication elongation [Snow et al., 1994; Nancarrow et al., 1995] . Second, AT and CGG repeats which are often found to be expanded in rare fragile sites have enhanced torsional flexibility which could perturb replication progression as well as nucleosome assembly affecting the organization of the chromatin [Wang et al., 1996] . Several of the CFS regions also contain a number of AT or CGG repeats. However, 3 CFS regions, FRA3B, FRA7H, and FRA7G, did not show any expanded repeated sequence features that contribute to their fragility. Instead, it was revealed that they contain several regions having the potential to form unusual DNA structures with high flexibility, low stability, and non-B DNAforming sequences which may affect their replication, condensation, and organization, thus leading to their fragility [Mishmar et al., 1999] . In addition, Minocherhomji et al. [2015] demonstrated that replication stress activates DNA repair synthesis in mitosis. The MUS81-EME1 structure-specific endonuclease promotes the appearance of chromosome gaps or breaks at CFSs at anaphase which leads to DNA damage in the subsequent G1 phase [Ying et al., 2013] .
Large Genes in CFS Regions and Their Role in Cancer
The frequent deletions and other alterations of CFS regions observed in multiple cancers led to a search within these regions for important genes that might be the targets of these deletions. This then led to the discovery that there are a number of extremely large genes contained within these regions, and several of them have been demonstrated to function as important tumor suppressors involved in the development of multiple cancers.
FHIT
The first CFS region to be extensively characterized was the most active and most frequently observed CFS, FRA3B (3p14.2). This CFS is located in a chromosomal region that is frequently deleted in a number of different cancers and also contains a balanced reciprocal translocation t(3; 8)(p14.2;q24.13) breakpoint found in a family which was predisposed to develop renal cell carcinoma. This translocation breakpoint was first identified in a 1.5-Mb yeast artificial chromosome that was derived from within the FRA3B region [Boldog et al., 1993] .
Kay Huebner's laboratory identified the fragile histidine triad ( FHIT ) gene within FRA3B that spanned 1.5 Mb of genomic DNA, crossed the hRCC translocation breakpoint, and had deletions in many different cancers [Ohta et al., 1996] . Surprisingly, the final processed transcript for this extremely large gene was only 1.1 kb in size. FHIT is not a typical tumor suppressor gene as many cancers had deletions in the very large introns of this gene that still left the coding regions intact. In spite of this, FHIT protein expression was decreased or absent in many different cancers. The mouse homolog, Fhit , is also a very large gene, and the chromosomal region surrounding this gene is a CFS in mice; hence, the large gene and the highly unstable region surrounding it were conserved [Matsuyama et al., 2003 ].
FHIT's tumor suppressor function was demonstrated in several cancer cell lines by both knock in and knock out experiments. Caspase dependent apoptosis, small apoptotic cell fractions, and the accumulation of the cells at S to G2 phase were observed within different cancer-derived cell lines when FHIT was introduced into them . Fhit +/-and Fhit -/-mice were also shown to be prone to develop tumors that were repressed with adenoviral transfected wild-type FHIT . FHIT was also reported to prevent the epithelial to mesenchymal transition. It is now thought that FHIT is a genome caretaker, and cells with loss of FHIT activity have spontaneous replication stress, increased dsDNA breaks, and chromosome instability, suggesting loss of FHIT could induce global genome instability [Saldivar et al., 2012] . It was also shown that loss of FHIT could increase the fragility of other CFS regions [Hosseini et al., 2013] . The deletion of the FRA3B region, aberrant transcripts, or the reduction or absence of FHIT protein expression occurs in almost 50% of all cancers. In lung squamous cell carcinoma, the loss of FHIT was observed in up to 90% of tumors [Sozzi et al., 1998 ] and in many premalignant lung lesions suggesting that carcinogens such as tobacco could cause genome instability and might actually be targeting the FRA3B region [Mao et al., 1997] .
WWOX
The second most frequently observed CFS region, FRA16D, is within chromosomal band 16q23.2. Deletions within this band were observed in a number of different cancers, and about 25% of multiple myelomas had translocations within this same region [Krummel et al., 2000; Paige et al., 2000] . A second extremely large gene, called WWOX (1.1 Mb), was identified within the FRA16D CFS, and the protein encoded by WWOX is an oxidoreductase with 2 WW domains within it. This gene, like FHIT , has a very small final processed transcript of only 2.3 kb.
WWOX has a number of other similarities to FHIT . Deletions within the large region spanned by WWOX are seen in many different cancers, and the translocations observed in multiple myeloma frequently interrupt this gene. The mouse homolog of WWOX , Wox1 , is highly conserved between humans and mice, and the chromosomal region surrounding Wox1 was also found to be a highly unstable CFS [Krummel et al., 2002] .
The loss of heterozygosity of the chromosomal region surrounding WWOX , homozygous deletions within this gene, aberrant WWOX transcripts, and promoter hypermethylation of WWOX have been reported in different cancers including esophageal squamous cell carcinomas, non-small cell lung cancer, prostate cancers, and pancreatic cancers [Kuroki et al., 2002 [Kuroki et al., , 2004 Yendamuri et al., 2003; Watson et al., 2004] . Both exogenous and endogenous WWOX restoration inhibited cell growth and reduced xenograft tumor growth in breast cancer cells [Iliopoulos et al., 2007] . In addition, Wox1 knockout mice are more prone to form tumors [Aqeilan et al., 2007] , demonstrating that WWOX is also a bona fide tumor suppressor like FHIT. It was also suggested that WWOX worked as an effector of hyaluronidase that could increase cancer cell sensitivity to tumor necrosis factor cytotoxicity [Chang et al., 2001 ].
PARK2
The third most frequently expressed CFS region is FRA6E (6q26). Contained within the middle of this region of instability is another very large gene, PARK2 ]. This 1.3-Mb gene was originally identified as being mutated in patients with autosomal recessive juvenile Parkinson's disease; hence, this was the first large CFS gene identified which is associated with neurological disease [Kitada et al., 1998 ]. Similar to FHIT and WWOX , PARK2 also produces a small 3-kb final processed transcript. PARK2 encodes an E3 ubiquitin-protein ligase, and somatic PARK2 mutations could decrease its E3 ligase activity including its ability to ubiquitinate cyclin E which then results in mitotic instability [Imai et al., 2000] . Frequent deletions and other alterations of PARK2 have been observed in multiple cancers including ovarian, breast, renal, and lung cancers.
CFSs and the Largest Human Genes
Since the 3 most frequently expressed CFS regions each span extremely large genes, and since they all function as tumor suppressors, we examined a list of the larg-est known human genes to determine if any of the other CFS regions also comprised large genes that also could be playing important roles in cancer formation. There are actually 40 human genes that span at least 1 Mb of genomic DNA. Table 1 is a list of those 40 genes. Also contained in that list is the full size of the genomic region spanned by each of these very large genes, the total number of exons of each gene, and the size of the final processed transcript. There are a number of important observations that can be made from an examination of this list. First, there is no relationship between the full size of these genes and their final processed transcript. For example, the 1.5-Mb FHIT gene contains only 9 exons and actually has a very small final processed transcript of 1.1 kb. In contrast, the 2.1-Mb CSMD1 gene contains 70 exons and has an 11.580-kb final processed transcript. Second, many of these large genes appear to play important roles in normal neurological development as it was observed that mutations in many of these genes are responsible for neurological defects. For example, deletion of the Park2 gene and its neighbor, the Park2 co-regulated gene, results in a mouse mutant with important neurological defects, Quaking, in addition to the role of PARK2 in Parkinson's disease [Wilson et al., 2010] . Lurcher mice die shortly after birth because of a lack of mid-and hindbrain neurons, and these mice have deletions in the very large Grid2 gene [Lalonde et al., 2003] . Dab1 mutant mice have the neurological defect called Scrambler and have cerebellar hyperplasia and Purkinje cell ectopia [Rice et al., 1998 ]. A recent article showed that the very large CFS genes were preferential breakage sites in neural stem/progenitor cells suggesting a very interesting linkage between normal neural development and cancer [Wei et al., 2016] . However, the most important observation about these very large genes is that so many of them are derived from within the same chromosomal bands that are known to contain CFS regions. This does not definitively prove that these large genes are contained within those CFS regions, but based upon this colocalization, we began to examine a number of these very large genes in an attempt to determine which ones of them were actually derived from within the large CFSs that were localized in the same chromosomal bands.
In order to prove that a specific large gene was actually derived from within a CFS region, we identified largeinsert BACs that span a portion of these genes. These BAC clones were fluorescently labeled and used as FISH probes on metaphase spreads from cells cultured in the presence of aphidicolin. We then examined a sufficient number of metaphases to determine where that specific BAC clone hybridized relative to the CFS region. If the BAC always hybridized proximal or distal to that breakage, then that BAC clone was proximal or distal to the CFS region. However, if the BAC clone actually crossed the region of decondensation/breakage in 1 or more metaphases, or if it sometimes hybridized proximal in one metaphase but then distal in another, we could conclude that this BAC, and the large gene, must have been derived from within that CFS region. Not all the very large genes were localized within a CFS. A2BP1 , the ataxin-2 binding protein 1, spans 1.7 Mb within the short arm However, many of the largest human genes were localized within CFS regions. This includes DAB1 , RORA , DMD, and the very large adjacent gene IL1RAPL1 . Several additional very large genes were localized within CFSs by other groups, including GRID2 (in FRA4G), ESRRG (in FRA1H), and NBEA (in FRA13A). Thus, many of the largest human genes were localized within CFS regions and can thus be classified as large CFS genes.
Most of these large CFS genes also appear to play important roles in cancer development as deletions and other alterations within these genes are frequently observed in different cancers. However, to definitively prove that these genes function as tumor suppressors requires experimentation demonstrating that re-expression of these genes in vitro in cancer-derived cell lines lacking their expression suppresses tumor growth. More importantly, it also requires that mice with these genes knocked out are tumor prone and that replacing these genes in these mice suppresses those tumors. Hence, many of the large CFS genes are very attractive tumor suppressor candidates, but definitive proof that they actually function as tumor suppressors is currently lacking.
CFSs and Large CFS Genes in Cervical Cancer
Previously, we utilized the technique of restriction site oligonucleotide PCR to examine HPV integration events in a large number of cervical cancers. This technique is based upon the use of PCR primers derived from multiple positions within the HPV genome coupled with PCR primers specific for restriction endonuclease recognition sites. While we detected HPV16 and HPV18 integrations throughout the genome, they were not randomly distributed, as we found that 50% of the HPV16 integrations and 60% of the HPV18 integrations occurred within one of the CFS regions. We also showed that deletions and complex rearrangements frequently occurred in the cellular sequences targeted by the integrations, and the integrations clustered in FRA13C (13q22), FRA3B (3p14.2), and FRA17B (17q23) . Studies from other groups also suggested that chromosome bands that contain CFS regions are the preferred sites for HPV integrations in both cervix carcinoma-derived cell lines and clinical samples [Hidalgo et al., 2003; Dall et al., 2008; Matovina et al., 2009] . Furthermore, we also found a hot spot of HPV18 integrations within one of the CFSs in chromosomal band 8q24 near the c-Myc proto-oncogene [Ferber et al., 2003] .
A number of the integrations were also found to occur within very large genes, and we tested if they were localized within the closely mapped CFS regions. This enabled us to identify several additional very large CFS genes. One of the large CFS genes identified by this work was LRP1B . This is a very interesting gene which not only has deletions in a number of different cancers, but whose function demonstrates that it could play an important role in cancer development. Downregulation of LRP1B expression promotes cell migration via the RhoA/Cdc42 pathway and actin skeleton remodeling in renal cell cancer [Ni et al., 2013] . Furthermore, LRP1B deletion in high-grade serous ovarian cancers is associated with acquired chemotherapy resistance to liposomal doxorubicin [Cowin et al., 2012] .
The HeLa cell line was derived from a highly aggressive HPV18-positive cancer cell, and whole-genome sequencing of the HeLa genome revealed that this cancer has HPV18 integrated within one of the CFS regions that surround the c-Myc oncogene. This integration event results in amplification of portions of the HPV genome between 8 and 32 times and also causes dramatic disruption of the human genome around that integration site [Adey et al., 2013] . This integration and amplification causes increased expression of c-Myc, demonstrating that the site of HPV integration within the human genome (at least in this cell line) does play an important role in the eventual cancer that develops. Thus, not only is HPV integration into the human genome potentially nonrandom, but the viral integration event can be quite disruptive and cause changes in the expression of important genes that could contribute to carcinogenesis.
Loss or aberrant expression of FHIT , WWOX , and PARK2 were also observed in cervical cancer-derived cell lines and clinical samples. Aberrant FHIT transcripts and loss of FHIT protein expression are often found in primary cervical cancers and high-grade noninvasive lesions but not in normal cervical tissues , suggesting that FHIT inactivation can play an important role in cervical tumor progression. Reduced or absent FHIT protein is more frequently observed in invasive cancer than in high-grade squamous intraepithelial lesions suggesting it could play an important role in late stages of cancer progression . Moreover, abnormal FHIT expression was also reported as an independent poor prognostic factor for cervical cancer [Takizawa et al., 2003] . Protein expression of both FHIT and WWOX were absent or reduced in several cell lines. Giarnieri et al. [2010] revealed that the expression of FHIT and WWOX protein were inversely correlated with precancerous versus invasive lesions, suggesting that altered expression of FHIT and WWOX could play a critical role in the progression of cervical neoplasia. WWOX was also found to induce apoptosis and inhibits proliferation in cervical cancer and cell lines [Qu et al., 2013] . Similarly, loss of heterozygosity of the region surrounding PARK2 was reported in primary cervical tumor samples [Mehdi et al., 2011] , and it was also revealed that PARK2 could induce apoptotic cell death in TNF-α-treated cervical cancers [Lee et al., 2012] . HeLa cells also harbor a deleted PARK2 gene and are resistant to TNF-α induced cell death [Franco et al., 2002] .
HPV and Oropharyngeal Squamous Cell Carcinoma
HPV is also found to be responsible for the dramatically increased incidence of oropharyngeal squamous cell carcinomas (OPSCCs) which are a subset of head and neck cancers. These are cancers of the base of the tongue, tonsils, the soft palate, and the walls of the pharynx. The overall incidence of most types of head and neck cancer has been decreasing due to decreased tobacco consumption in the United States in the past several decades. However, the incidence of OPSCC cancers has actually been dramatically increasing, and currently around 80% of OPSCCs in the United States and 90% of those in Europe are HPV-positive [O'Regan et al., 2008; Boscolo-Rizzo et al., 2009; Marur et al., 2010] . This is most likely caused by changing sexual behaviors. In addition, HPV-positive OPSCCs differ from HPV-negative OPSCCs in tumor biology. Most importantly, HPV-positive OPSCCs have a much better clinical outcome than HPV-negative OPSCCs. Clinicians are currently attempting to determine if they could de-escalate therapies for patients with HPV-positive OPSCCs, hence most OPSCC patients are now tested for the presence of HPV sequences or the expression of HPV E6/E7 [Mirghani et al., 2015] .
Based upon the currently accepted HPV-driven cervical cancer model, it was just assumed that HPV plays an identical role in the development of OPSCC as it does in cervical cancer. However, given the fact that most HPVpositive OPSCC patients also have a smoking and drinking history, HPVs role in the development of this type of cancer might be more complex. In addition, it has been shown that not all HPV-positive OPSCCs are the same as some OPSCCs have very low expression of HPV E6 and E7, and these are thought to be due to latent HPV infections. Other OPSCCs have robust E6 and E7 expression, and these are thought to have active HPV infections. Thus, important questions are whether HPV plays different roles in different OPSCCs, what is the physical status of the virus in HPV-positive OPSCCs, and if and when HPV integrates into the human genome, where does the integration occur, both within the HPV genome and the human genome.
Our previous studies examining HPV integration in cervical cancer utilized restriction site PCR, but recent advances in DNA sequencing, specifically next-generation sequencing (NGS), is a much more powerful tool which enabled us to examine the physical status of HPV sequences in OPSCC. One specific application of NGS is mate-pair NGS (MP-Seq). This technology has the advantage to determine genomic structural variations at a very high resolution utilizing only 3-5 Gb of sequencing [Feldman et al., 2011; Murphy et al., 2012] . In addition, it could also detect HPV integration events which would be mate-pairs where one end of a mate-pair corresponds to human sequence and the other to an HPV-derived sequence [Gao et al., 2014] .
We used MP-seq to study the HPV integration events in HPV-positive OPSCC and found that there were some distinct differences from what is usually observed in cervical cancer: (1) Only 30% of HPV-positive OPSCCs had viral integration. (2) The HPV integration event is not necessarily related to the level of HPV E6 and E7 oncogene expression; thus, HPV can integrate into the human genome even in the presence of very low HPV E6 and E7 expression. (3) We did not observe any HPV integrations within the E2 gene. (4) Some OPSCCs had HPV integrated into the human genome but still had a high episomal copy number of HPV sequences. (5) The expression of HPV16 E6 and E7 was always concordant with E2 expression regardless of the HPV integration status in the OPSCC tumor samples [Gao et al., 2014] .
Thus, our results demonstrate that the classically accepted cervical cancer model most likely does not apply to many OPSCCs. Seventy percent of OPSCCs develop in just the presence of episomal copies of HPV, which is true for only about 20% of cervical cancers. Although these cancers develop just in the presence of episomal copies of HPV, there are also differences. In cervical cancer, the episomal HPV copy number is always high in this small group of patients, while there are big variations of the HPV copy number found in OPSCC patients who only have episomal HPV present. In addition, the expression of HPV E6/E7 is independent of whether HPV is inte-grated or not, and may not be dependent on whether the E2 gene is disrupted.
There are thus some profound differences between what we have observed in OPSCC and the classical accepted model for HPV-driven cervical cancer. However, there are also some similarities. When HPV integration occurred in OPSCC, we found that half of those integrations were within one of the CFS regions. We previously demonstrated that 60% of OPSCCs had decreased expression for 6 of the large CFS genes, and cancers with decreased expression of these 6 genes were more likely to recur. Hence, the CFS regions may have multiple interactions in HPV-driven cancers both in terms of being hot spots for integration (when it does occur) and also as regions that are particularly prone to being altered especially in genomically highly unstable HPV-positive cells.
A New Model for the Role of HPV in Cancer Development
Our work, and the work of others, has demonstrated that the sites of HPV integration in the human genome in different cancers, including cervical cancer, are nonrandom. The CFS regions, and the large genes contained within them, are important targets for HPV integrations as well as hot spots for genomic deletions. While the original model for HPV-driven cervical cancer involved frequent inactivation of the E2 gene retaining E6 and E7 intact, more recent studies utilizing NGS to analyze additional cell lines and both early and later stage primary cervical samples have revealed that integrations occur throughout the HPV genome and that the E2 region is not actually a hot spot for integrations. It now appears that the sites of integration in the HPV genome might be random, while the regions within the human genome that are disrupted by viral integration could be very important for the eventual cancers that develop.
Thus, we would like to suggest a new model for how HPV is involved in the development of cervical cancer. Sexually active women are repeatedly exposed to HPV, but those women who do not clear the virus are the ones at risk for developing cervical cancer. A subgroup of these women could develop cervical cancer just in the presence of a high episomal HPV copy number and the ensuing genomic instability resulting from the high expression of the 2 oncoproteins. However, long-term infection with HPV can also increase the probability of HPV integration into the human genome. These integration events can be quite disruptive to genes at or near the integration sites.
Once HPV has integrated, the increased genomic instability both within the region of integration and throughout the host genome could result in other alterations which could eventually lead to invasive disease. There might also be some clinical significance regarding where HPV has integrated and the structure of the actual integrations that we are beginning to explore.
The situation may be more complex with respect to the role of HPV in OPSCC. The majority of HPV-positive OPSCCs have just episomal copies of HPV present. Some of them have a low copy number of HPV, and how this causes cancer is presently unclear. It is possible that these cancers develop when there is a high copy number of HPV present but that after cancer formation some of them are cleared. However, another possibility is that in those patients who have a smoking history this, in addition to a low copy number of HPV sequences, could still promote additional alterations that could ultimately lead to cancer formation. Other OPSCCs have a high episomal copy number of HPV, and we propose that these cause cancer in a manner similar to that in cervical cancers that have no HPV integration. Then there are the 30% of OPSCCs that have HPV integrated into 1 or more positions within the human genome. We hypothesize that these may follow a model more similar to HPV's role in most cervical cancers and that integration could be targeting key genes, again such as the large CFS genes. Here too, we think that the sites of integration in the HPV genome are random, but that the sites in the human genome might not be.
HR-HPV is also found in a number of other cancers including 85% of anal cancers, and over half of vaginal, penile, and vulvar cancers. Currently little is known about the physical status of HPV in those cancers; hence it is too early to predict how HPV contributes to these cancers' development. More likely HPV may play different roles in the development of different cancers. These results suggest that much more work needs to be done, starting with using the powerful tools of NGS technologies to begin to answer these important questions.
Disclosure Statement
The authors have no conflicts of interest to declare.
